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40 nm flower-shaped Au–Pd bimetallic nanoparticles were prepared in a facile and eco-friendly way
based on the simultaneous bioreduction of HAuCl4 and Na2PdCl4 with ascorbic acid and Cacumen
Platycladi leaf extract at room temperature. Characterization techniques, such as transmission electron
microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffraction, were employed to confirm that
the as-synthesized nanoparticles were alloys. The obtained flower-shaped Au–Pd alloy nanoparticles
exhibited an excellent surface enhanced Raman spectroscopic activity with rhodamine 6G and efficient
catalytic ability for the oxidation of benzyl alcohol to benzaldehyde.1. Introduction
The fabrication of alloy nanoparticles (NPs) has drawn consid-
erable attention in the eld of nanotechnology, because of their
composition-dependent optical, catalytic, electronic, and
magnetic properties.1 It has been well-established that both the
physical and chemical properties of nanostructures are strongly
related to their morphologies; indeed, the morphologically-
controlled synthesis of the nanostructures we desire is a
signicant issue. Among the various specic nanostructures,
ower-shaped ones have attracted the interest of scientists
because of their anisotropic structures that not only provide
superior optical performance,2 but can also be used as catalysts
whose activity and selectivity are strongly morphologically-
dependent.3 To date, ower-shaped structures have been
observed in Au,4 Pd,5 Pt,6,7 Rh8 and various metal oxide NPs.9
Nevertheless, the synthesis of ower-shaped NPs with alloy
structures is still challenging. There has been a recent report3
on ower-shaped Au–Pd NPs prepared by a two-step seeding-
growth method, wherein pre-synthesized Au NPs were used as
seeds for the overgrowth of Pd. To precisely control the
morphology of NPs, auxiliary stabilizers or a template, an
intricate process, and/or specialized equipment are oen
required.Engineering, College of Chemistry and
Key Laboratory of Chemical Biology,
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hemistry 2014Currently, the synthesis of alloy NP using biological means,
such as microorganisms,10 enzymes,11 and plant extracts12 have
been suggested as possible “green” alternatives to traditional
chemical and physical methods because they do not require
additional chemical reagents or complex experimental appa-
ratus. Successfully synthesized spherical Au–Ag,10,13,14 Au–Pd15
alloy NPs have been achieved, using plant extracts or microbes
as reducing agents and stabilizers. Regrettably so far, to the best
of our knowledge, all of these works were based solely on
spherical alloy NPs, while anisotropic alloy NPs through
biosynthesis have been less investigated.
Benzaldehyde is an important intermediate in the produc-
tion of perfumes, pharmaceuticals, dyestuffs and agrochemi-
cals.16 The liquid phase oxidation of benzyl alcohol is of vital
importance for both the scientic and industrial elds because
of the production of chlorine-free benzaldehyde, without the
loss of carbon in the form of CO2.17 This process has gained
acceptance for being eco-friendly and economically efficient.
Lately, noble metal catalysts Pt,18 Pd19 and Au-based
substances20 were used in the oxidization of alcohols to the
corresponding aldehydes. Previous reports indicated that
spherical Au–Pd alloy catalysts showed superior performance
for the oxidation of benzyl alcohol through enhanced catalytic
activity and product selectivity compared with monometallic
catalysts,21,22 for example, the yield of benzaldehyde was
improved by 1.6 to 3.6 times.22
As we all know, spherical alloy NPs are more common and
relatively easier to obtain. To fabricate the ower-shaped alloy
nanostructures, an auxiliary template and intricate process are
oen involved. Herein we report a facile route for synthesizing
ower-shaped Au–Pd alloy NPs by the simultaneous reduction
of HAuCl4 and Na2PdCl4 in an aqueous solution with ascorbic
acid (AA) and Cacumen Platycladi (C. Platycladi) leaf extract atJ. Mater. Chem. A, 2014, 2, 1767–1773 | 1767













































View Article Onlineroom temperature. Characterization techniques, such as
transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), energy dispersive X-ray spectroscopy (EDX), and X-ray
diffraction (XRD), were employed to conrm the structure.
Meaningfully, the ower-shaped Au–Pd alloy NPs exhibited
desired surface enhanced Raman spectroscopic (SERS) activity
with rhodamine 6G (R6G) and enhanced catalytic ability for the
oxidation of benzyl alcohol to benzaldehyde.2. Experimental section
2.1. Materials and chemicals
To obtain the C. Platycladi leaf extract (1 g 100 mL1), 1 g of the
screened C. Platycladi leaf powder (Xiamen Jiuding Drugstore,
China) was dispersed in 100 mL deionized water (DI), and then
placed in a water bath shaker at 30 C for 4 h. The mixture was
ltered to remove the residual insoluble biomass, and the
resulting ltrate was used for the subsequent NP synthesis.
Ascorbic acid (AA), chloroauric acid (HAuCl4), sodium tetra-
chloropalladate(II) (Na2PdCl4), rhodamine 6G (R6G), MgO
(surface area ¼ 37 m2 g1, pore diameter ¼ 5.8 nm) were used
directly without pretreatment and other chemical reagents were
purchased from Sinopharm Chemical Reagent Co. Ltd (China)
and used as received. All glassware was cleaned with aqua regia
and rinsed several times with DI water.2.2. Synthesis of ower-shaped Au–Pd NPs
In a typical synthesis of ower-shaped Au–Pd NPs, 1 mL of
5 mMHAuCl4 and Na2PdCl4 mixture in a molar ratio of 1 : 1 was
added to 39 mL DI water at room temperature, then 1 mL of
0.1 M AA and 20 s later, 10 mL C. Platycladi extract (1 g
100 mL1) were successively added to the mixture under
vigorous stirring for 30 min. The composition of the as-
synthesized NPs was controlled by changing the ratio of the
precursors (HAuCl4–Na2PdCl4 ratios were 3 : 1, 1 : 1, and 1 : 3).
For comparison, Au and Pd monometallic NPs were prepared in
the same way by substituting aqueous solutions of HAuCl4 and
Na2PdCl4 mixtures by HAuCl4 and Na2PdCl4, respectively.2.3. Catalyst preparation
In a typical preparation of ower-shaped Au–Pd/MgO catalysts,
we deposited the NPs onto a MgO support via a sol–immobi-
lization (SI) method. Aer the ower-shaped Au–Pd bimetallic
sol was prepared, a weighed amount of MgO support was
added under vigorous stirring for 1 h. Thereaer, the
suspension was ltered, washed thoroughly with deionized
water and dried subsequently in a vacuum oven at 50 C for
6 h. A series of bimetallic catalysts with different Au–Pd molar
ratios were prepared by varying the concentrations of HAuCl4
and Na2PdCl4, and labeled by the Au–Pd molar ratio. For
instance, Au(1)Pd(1)/MgO corresponds to the MgO supported
catalyst prepared by the SI method with an initial Au–Pd
molar ratio of 1 : 1. The amount of support material for all
the prepared catalysts was calculated to maintain the metal
load of 2 wt%.1768 | J. Mater. Chem. A, 2014, 2, 1767–17732.4. Characterizations of the ower-shaped Au–Pd NPs
UV-vis spectra were recorded on a spectrophotometer (Evolu-
tion-220, Pgeneral; China) using a 1 cm quartz cell from
hydrosol samples. TEM observations, SAED analysis, and EDX
analysis were performed on an electronmicroscope (Tecnai F30,
FEI; Netherlands) with an accelerating voltage of 300 kV, where
the samples were prepared by dipping the copper grid in the
NPs hydrosol and allowing the water to evaporate. XRD
measurements for the dried and powdered samples were con-
ducted on an X-ray diffractometer (PANalytical BV, Phillips;
Netherlands) equipped with Cu Ka radiation (40 kV, 30 mA).
2.5. Raman detection
Aer the ower-shaped Au–Pd alloy NPs were washed with DI
water, 0.005 g of the composites were dried on a glass slide, and
30 mL (108 M) of R6G was dropped on the alloy NPs for Raman
measurement. The Raman spectra were recorded using a
Renishaw inVia Raman system with a 632.8 nm He–Ne laser as
the excitation source. The laser power that reached the sample
was 0.4 mW. The spectra acquisition time was 10 s. The spectra
were based on an average result of three measurements.
2.6. Catalyst testing
Liquid phase oxidation of benzyl alcohol with O2 was carried
out in a magnetically stirred three necked ask equipped with a
reux condenser which was introduced in an oil bath previously
heated to 90 C. 0.4 g catalyst was stirred with a solutionmixture
of benzyl alcohol in water (29 mmol alcohol, 30 mL deionized
water) for 6 h with continuous oxygen bubbling (controlled by a
glass rotameter) at atmospheric pressure. The resulting organic
products were analyzed by gas chromatography, equipped with
a ame ionization detector and SE-30 capillary column, and
identied through comparison with known standards. An
external calibration method was used for the quantitative
analysis of the amount of reactants consumed (conversion) and
products generated (selectivity).23
3. Results and discussion
3.1. Synthesis of ower-shaped Au–Pd NPs
Flower-shaped Au–Pd bimetallic NPs were synthesized by the
reduction of HAuCl4 and Na2PdCl4 mixtures in the presence of
C. Platycladi extract and AA at room temperature via a bio-
reduction procedure. In this synthesis, both C. Platycladi extract
and AA seemed to be key factors for the formation of the Au–Pd
alloyed structure. Without one of them or changing the adding
sequence, only spherical NPs were obtained (Fig. 1B–E). Flower-
shaped NPs were harvested only when AA was injected into the
reaction solution prior to the C. Platycladi extract (Fig. 1A).
The evolution process of the ower-shaped NPs is depicted
in Fig. 2. Small decahedral particles (inset of Fig. 2A) as seeds of
ower-shaped NPs were rst formed when HAuCl4 and
Na2PdCl4 were mixed with AA for 10 s. At the reaction time of
20 s, we added C. Platycladi extract into the solution and stirred
for another 10 s (reaction time was 30 s), some of the Pd and Au
homogeneously nucleated to form small clusters (indicated byThis journal is © The Royal Society of Chemistry 2014
Fig. 1 TEM images of the Au–Pd bimetallic NPs with an initial Au–Pd
ratio of 1 : 1 obtained (A) when AA was injected into the reaction
solution prior toC. Platycladi extract with a low concentration (0.1mM)
of metal precursor; (B) when C. Platycladi extract was injected into the
reaction solution prior to the AA; (C) C. Platycladi extract and AA were
injected into the reaction solution simultaneously; (D) only AA was
injected into the reaction solution; (E) only C. Platycladi extract was
injected into the reaction solution.
Fig. 2 (A–H) TEM images of the NPs collected at different reaction
times with an initial Au–Pd ratio of 1 : 1. (I) Plot of the average diameter
of the Au–Pd NPs versus reaction time, as determined from TEM
images. The scale bars in the insets are 5 nm.
Fig. 3 (A) TEM images and histogram (inset), (B) SAED pattern, (C) and
(D) HRTEM images of the Au–Pd bimetallic NPs with an initial Au–Pd
ratio of 1 : 1 in the presence of AA and C. Platycladi extract at room
temperature for 30 min.
Fig. 4 (A) Solutions of the as-synthesized NPs with initial Au–Pd ratios
of 0 : 1 (pure Pd NPs), 1 : 3, 1 : 1, 3 : 1, 1 : 0 (pure Au NPs) and a physical
mixture of pure Au and pure Pd NPs (1 : 1, v/v) (from left to right); (B)
UV-vis spectra of Au–Pd NPs with various Au mole fractions and a
physical mixture of pure Au and pure Pd NPs (1 : 1, v/v).













































View Article Onlinethe arrows) (Fig. 2B). The inset of Fig. 2C also shows some of
these clusters (indicated by the arrows) adhered to the seed-
NPs. The average size of the ower-shaped NPs increased from
20 nm to40 nm as a function of the reaction time (Fig. 2D–H),
and nally tended towards stabilisation.3.2. TEM and SAED analysis
Fig. 3A presents a representative TEM image and histogram of
the as-synthesized Au–Pd bimetallic NPs with an initial Au–PdThis journal is © The Royal Society of Chemistry 2014ratio of 1 : 1. These particles all presented ower-shaped
structures with an average size of 41.1 nm and a narrow
size distribution with a relative standard deviation of 7%
without any size sorting. No obvious morphology change was
observed for the NPs prepared from the Au–Pd molar ratios of
3 : 1 and 1 : 3 (Fig. 1S, ESI†). The SAED pattern of the ower-
shaped Au–Pd bimetallic NPs (Fig. 3B) gave ve diffraction
rings corresponding to ve different crystal planes on the
ower-shaped structure, suggesting that the NPs have poly-
crystalline features. Lattice planes of the obtained nanocrystal
can be seen from the HRTEM images (Fig. 3C and D). The
d-spacing for adjacent lattice planes measured from ve
different points on a single NP was 2.30 Å, which is the
mean value of the (111) planes of face-centered cubic (fcc)
Au (2.36 Å) and Pd (2.25 Å). Such a value conforms to the
reported value of the Au–Pd alloy.24J. Mater. Chem. A, 2014, 2, 1767–1773 | 1769
Fig. 5 (A) XRD patterns and (B) (111) diffraction peak positions of the Au, Pd, and Au–Pd bimetallic NPs with different initial Au–Pd ratios, which
are measured from the XRD patterns (circled data points).













































View Article Online3.3. UV-vis spectral and XRD analysis
The composition of the ower-shaped Au–Pd NPs could be
tuned by employing different ratios of HAuCl4 to Na2PdCl4, and
we referred to the NPs prepared from the Au–Pd molar ratios of
3 : 1, 1 : 1, and 1 : 3 as Au75Pd25, Au50Pd50, and Au25Pd75,
respectively. Fig. 4A shows that the solutions of the as-prepared
pure Au, Pd, and three bimetallic products exhibited gradual
color changes from light brown to dark brown to purple with an
increase in the Au–Pd ratio, while the lilac belongs to the
intentional mixture of monometallic Au and Pd NPs (1 : 1, v/v).
The UV-vis absorbance behaviors of these samples are shown in
Fig. 4B. The Au NPs gave a single surface plasmon resonance
(SPR) peak centered at 570 nm, but no peak was observed for the
Pd NPs.25 For the physical mixture of Au and Pd NPs, a band for
Au NPs at 570 nm was observed, while this was completelyFig. 6 (A) TEM image and (B) high-magnification STEM image of the fl
dispersive X-ray (EDX) elemental maps of (C) Au and (D) Pd concentration
the cross-sectional line profiles of a single Au–Pd NP.
1770 | J. Mater. Chem. A, 2014, 2, 1767–1773dampened for the three bimetallic NPs. These results also prove
the generation of the Au–Pd alloy structure, rather than phase
separate monometallic NPs.26,27
XRD patterns of the monometallic and bimetallic NPs are
presented in Fig. 5A. Each pattern exhibits several diffraction
peaks which can be indexed to diffraction from the (111), (200),
(220) and (311) of the fcc structure of Au and Pd. In addition, it
was noted that the XRD peaks shied to larger angles gradually
with the increase of Pd content (inset of Fig. 5B). Fig. 5B plots
the diffraction angles (2q) versus the Pd mole fractions. The
curve indicates that the diffraction peaks of the Au–Pd bime-
tallic NPs indeed lay between those of pure Au and Pd,
furthermore, the composition dependence was almost linear.
According to Vegard's law, the diffraction peak of themetal alloy
with the molar composition should lie between the two setower-shaped Au–Pd NPs with an initial Au–Pd ratio of 1 : 1; energy
s in the NPs and (E) the distribution of the Au and Pd components along
This journal is © The Royal Society of Chemistry 2014
Fig. 7 Raman enhancement for the flower-shaped Au–Pd NPs in the
presence of (A) 108 M; (B) 109 M and (C) 1010 M R6G.
Fig. 8 Raman spectra of (A) the as-synthesized flower-shaped Au–Pd
NPs and (B) the spherical Au–Pd NPs adsorbed with 1  108 M R6G.
The Au–Pd molar ratios of A and B were both 1 : 1. Sample B was
prepared by the reduction of a mixture containing HAuCl4 and PdCl2
with C. Platycladi extract at 90 C for 2 h.
Fig. 9 Influence of reaction time on the conversion of benzyl alcohol,
selectivity and yield of benzaldehyde. Reaction conditions: metal load,
2 wt%; 0.4 g catalyst; O2 flow rate, 90 mL min
1 (1 atm); reaction
temperature, 90 C; and stirring rate, 1200 rpm.
Fig. 10 TEM images and histograms (inset) of the as-synthesized
flower-shaped (A) and spherical (B) Au–Pd bimetallic NPs with initial
Au–Pd ratios of 1 : 1; (C) Au NPs and (D) Pd NPs. Inset images are
histograms of the size of the as-synthesized NPs.













































View Article Onlinepeaks of the pure metals,28 and a linear relation exists between
the crystal lattice parameter of an alloy and the concentrations
of the constituent elements.29,30 Therefore, the relationship
between the Au–Pd ratio and diffraction angle proves that the
ower-shaped Au–Pd NPs display an alloy pattern.3.4. EDX elemental analysis
STEM-EDX images of the ower-shaped Au–Pd NPs are pre-
sented in Fig. 6. Closer inspection of several as-synthesized NPs
suggests that the Au (Fig. 6C) and Pd (Fig. 6D) atoms were evenly
distributed over all of the NPs. Moreover, EDX elemental line
scanning on a single NP (Fig. 6E) does not show a predomi-
nance of either the Au or Pd signal. These results veried the
structure of the alloy for the obtained ower-shaped NPs.This journal is © The Royal Society of Chemistry 20143.5. SERS of rhodamine 6G
An Au–Pd alloy with petals on the surface might be a good
substrate for studying the SERS activity. In our SERS experi-
ment, R6G was chosen as the molecular probe because of its
large scattering cross section. The SERS spectra of a series of
concentrations of R6G on ower-shaped Au–Pd NPs are pre-
sented in Fig. 7. 108 M R6G on the SERS active substrates of the
ower-shaped Au–Pd NPs had strong enhancements at
612 cm1, 770 cm1, 1132 cm1, 1185 cm1, 1312 cm1,
1363 cm1, 1505 cm1, 1574 cm1, 1601 cm1 and 1649 cm1
(Fig. 7A), in good agreement with previous reports.31,32When the
concentration was decreased to 109 M, the intensity of theJ. Mater. Chem. A, 2014, 2, 1767–1773 | 1771
Fig. 11 Catalytic performance of (A) the monometallic Au, (B) the
spherical Au–Pd with an initial Au–Pd of 1 : 1 and (C) the flower-sha-
ped Au–Pd with an initial Au–Pd of 1 : 1, (D) the monometallic Pd.
Reaction conditions: metal loading, 2 wt%; 0.4 g catalyst; O2 flow rate,
90 mL min1 (1 atm); reaction temperature, 90 C; reaction time, 6 h;
and stirring rate, 1200 rpm.
Fig. 12 Catalytic performance of the recycled bioreduction catalysts.
(Reaction conditions: metal load, 2 wt%; 0.4 g catalyst; O2 flow rate, 90
mL min1 (1 atm); reaction temperature, 90 C; reaction time, 6 h; and
stirring rate, 1200 rpm).













































View Article Onlinepeaks became obviously weak (Fig. 7B). All of the absorptions
had almost no signal as the concentration of R6G was further
decreased to 1010 M (Fig. 7C). Other Au–Pd nanostructures
were previously reported for the Raman enhancement of
R6G,2,33 and the detection limits for these were 106 M or
higher.
Moreover, spherical Au–Pd NPs synthesized by the reduction
of a mixture containing HAuCl4 and PdCl2 with plant leaf
extract15 were used as the control sample. The Raman spectra of
R6G on the ower-shaped Au–Pd alloy NPs and spherical Au–Pd
alloy NPs are shown in Fig. 8A and B. It is obvious that R6G on
the ower-shaped Au–Pd NPs gave a much stronger enhance-
ment than that on the spherical NPs. This might be due to the
hierarchical and polycrystalline structures of the ower-shaped
Au–Pd NPs, which added some defects to their crystal structure.
These crystal defects might act as a “hot spot” and trap the
analyst to generate signicant Raman enhancement.34,351772 | J. Mater. Chem. A, 2014, 2, 1767–17733.6. The catalytic oxidation of benzyl alcohol to
benzaldehyde
3.6.1. Comparison of the performance of the ower-shaped
Au–Pd alloy catalysts. To investigate the catalytic activity of the
obtained ower-shaped alloy NPs for the oxidation of benzyl
alcohol in the presence of molecular oxygen in water,36 we
deposited the ower-shaped alloy NPs onto a MgO support via
the SI method (Fig. 2S, ESI†). Among the catalysts with different
initial Au–Pdmolar ratios (from 8 : 1 to 1 : 8), the one with a Au–
Pd molar ratio of 1 : 1 was the most efficient (Fig. 3S, ESI†). The
effect of the reaction time on the aerobic oxidation of benzyl
alcohol was examined using the ower-shaped Au–Pd/MgO
alloy catalyst with the initial Au–Pd molar ratio of 1 : 1. The
benzyl alcohol conversion, benzaldehyde selectivity, and yield at
different reaction times (2, 3, 4, 5, 6 and 7 h) are shown in Fig. 9.
The benzaldehyde selectivity indicated a decreasing trend,
whereas the benzyl alcohol conversion depends on the reaction
time. A poor conversion of 43.8% was obtained at 2 h. Pro-
longing the reaction time contributed to a higher reaction rate
and led to the remarkable increases in both benzyl alcohol
conversion and benzaldehyde yield. The benzyl alcohol
conversion and benzaldehyde yield were 72.4% and 68.85%,
respectively, at 6 h. However, a decrease in benzaldehyde yield
from 68.85% to 66.37% was obtained when the reaction time
was prolonged from 6 h to 8 h, implying that a longer reaction
time may have led to benzaldehyde oxidation with O2 and
generated benzyl benzoate. Therefore, the moderate reaction
time of 6 h provided the highest benzaldehyde yield (68.85%),
which is higher than previous reports.22,23
For comparison, monometallic Au,37 Pd38 and Au–Pd spher-
ical NPs39 with a similar size (40 nm) (Fig. 10) were supported
on MgO with the same metal loading via the same procedure.
The catalytic performance towards benzyl alcohol oxidation for
the above four samples is presented in Fig. 11. From our eval-
uation of the reaction conditions, the ower-shaped alloy NPs
were the most active, with the benzaldehyde yield of 68.85%,
benzyl alcohol conversion of 72.4% and benzaldehyde selec-
tivity of 95.1%.
3.6.2. Durability of the ower-shaped Au–Pd alloy catalysts.
Onemajor problem of heterogeneous catalysts is the leaching of
metal, which leads to loss of the catalyst activity in subsequent
uses. In order to assess the durability of the ower-shaped Au–
Pd alloy catalysts, recycle tests were conducted. The ower-
shaped Au–Pd alloy catalysts with an Au–Pd molar ratio of 1 : 1
aer reaction were recovered by centrifugation and washed with
ethanol, then dried and reused for another reaction under the
same conditions. Fig. 12 shows that a little decline in the
conversion of benzyl alcohol and selectivity of benzaldehyde
during six consecutive cycles, indicating the remarkable
stability of the ower-shaped catalysts. Note that the ower-
shaped Au–Pd alloy catalysts were not calcined to remove the
plant biomass on the catalysts. Therefore, we proposed that the
plant biomass, as both the protecting and reducing agents,13
adhered to the ower-shaped Au–Pd alloy NPs and prevented
the loss of the NPs; thereby contributing to the excellent dura-
bility of the bioreduction ower-shaped Au–Pd alloy catalysts.This journal is © The Royal Society of Chemistry 2014













































View Article Online4. Conclusions
In summary, we have reported a facile and high-yield synthesis
of ower-shaped Au–Pd alloy NPs with a mean size of about 41
nm, by the simultaneous bioreduction of HAuCl4 and Na2PdCl4
mixture in the presence of ascorbic acid and C. Platycladi leaf
extract at room temperature. Transmission electron microscopy
revealed that the ower-shaped NPs evolved from small deca-
hedral particles and were apt to become stable aer a reaction
time of 20 min. Energy-dispersive X-ray spectroscopy and X-ray
diffraction characterizations conrmed the nature of the alloy.
The ower-shaped Au–Pd alloy NPs performed excellent SERS
enhancement compared to that of spherical Au–Pd NPs with a
similar average size. Besides, the present ower-shaped Au–Pd
alloy NPs demonstrated good catalytic properties for benzyl
alcohol oxidation, and the best catalytic activity, with a benzyl
alcohol conversion of 72.4%, benzaldehyde selectivity of 95.1%,
benzaldehyde yield of 68.85%, was achieved under optimal
conditions. Their tunable optical and catalytic properties shown
here indicate that these ower-shaped alloy NPs may have
potential in SERS and the catalysis of chemical reactions.Acknowledgements
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